The peculiar characteristics of the ligand neocuproine (2,9-dimethylphenanthroline) allow a number of exchange equilibrium studies between the low valence complex [Pd(g 2 -nq)(Neocup)] (nq = naphthoquinone; Neocup = neocuproine) and several alkenes and alkynes. A new order of stability which compares differently unsaturated molecules was established. An overview of the factors governing the stability of palladium(0) alkene and alkyne derivatives as a function of the steric and electronic characteristics of both the unsaturated molecule and the ligand becomes accessible and a comparison with the previously determined order was therefore feasible. Such a comparison enlightens the importance of the substituent methyl groups in ortho position of the hetero-aromatic ring which represents the molecular fragment common to all the ligands considered. Taking advantage of the steric requirements of the alkene tmetc (tmetc = tetramethylethylenetetracarboxylate) a kinetic investigation of the reaction between the olefin itself and the complexes [ -deta)(Neocup)] (deta = but-2-ynedioc acid diethyl ester) were also reported in the present paper. The structure of the latter represents the first example of a palladium(0) complex in which the N 2 C 2 donor set around the metal centre is supported by a chelating g 2 -alkyne.
a b s t r a c t
The peculiar characteristics of the ligand neocuproine (2,9-dimethylphenanthroline) allow a number of exchange equilibrium studies between the low valence complex [Pd (g 2 -nq)(Neocup)] (nq = naphthoquinone; Neocup = neocuproine) and several alkenes and alkynes. A new order of stability which compares differently unsaturated molecules was established. An overview of the factors governing the stability of palladium(0) alkene and alkyne derivatives as a function of the steric and electronic characteristics of both the unsaturated molecule and the ligand becomes accessible and a comparison with the previously determined order was therefore feasible. Such a comparison enlightens the importance of the substituent methyl groups in ortho position of the hetero-aromatic ring which represents the molecular fragment common to all the ligands considered. Taking advantage of the steric requirements of the alkene tmetc (tmetc = tetramethylethylenetetracarboxylate) a kinetic investigation of the reaction between the olefin itself and the complexes [Pd (g 2 -dmfu)(L-L 0 )] (dmfu = dimethylfumarate; L-L 0 = 8-diphenylphosphanyl-2-methyl-quinoline, neocuproine, phenanthroline) was carried out. The structures of the complexes [Pd(g 2 -dmfu)(DPPQ)] and [Pd (g 2 -deta)(Neocup)] (deta = but-2-ynedioc acid diethyl ester) were also reported in the present paper. The structure of the latter represents the first example of a palladium(0) complex in which the N 2 C 2 donor set around the metal centre is supported by a chelating g 2 -alkyne. Ó 2008 Elsevier B.V. All rights reserved.
Introduction
Owing to the great importance of palladium(0) olefin derivatives in catalysing cross-coupling [1], allyl alkylation [2] , allyl amination [3] reactions and processes involving unsaturated molecules [4] we decided to carry out an exhaustive study with the aim of gaining a better comprehension of the stability of such complexes as a function of the nature of the olefin, alkyne (when possible) and ancillary ligand. Several papers have appeared in the literature dealing with the stability that deactivated olefins impart to the corresponding palladium(0) derivatives [5] and, in particular, our group determined in some cases a stability order based on the equilibrium constant of the direct exchange between olefins according to the following reaction [6a,6b] :
The previous studies, however, took into account reactions involving complexes bearing strictly homogenous series of ligands; thus only the mutual olefin stability order could be assessed [6] . However, some recent findings about the reactivity of the olefins when used as stabilizing molecules in reactions producing palladium(0) substrates [7] and the possibility of expanding the stability order also to the alkynes induced us to undertake a novel investigation using a palladium(0) species bearing the neocuproine ligand (Neocup) as a reference. As a matter of fact, it is well known that steric hindrance may stabilize the formation of palladium(0) alkyne species [8] which in the presence of an excess of alkyne otherwise collapse into the palladacyclopentadienyl derivatives [4p,4t] . Therefore, the complex [Pd(g 2 -nq)(Neocup)] (nq = naphthoquinone) would represent an ideal substrate for a useful comparison of the stability induced by olefins or alkynes in palladium(0) complexes. Moreover, the olefin nq due to its spectroscopic characteristics was widely used in the equilibrium constants measured so far. Thus, a comparative analysis among different complexes bearing different ligands and the same olefin becomes feasible. Moreover, the ensuing results would also give an indication of the dependence of the stability order on the nature of the ancillary ligands. At the best of our knowledge, this sort of investigation represents a quite novel approach which was never exploited before. All the complexes and the olefins (or alkynes) involved in the present work are reported in the following Schemes. In particular, Scheme 1 displays the newly prepared complexes and those used for comparative purposes, while in Scheme 2 only the complexes specifically synthesized for this study are reported. 
Results and discussion

Synthesis and characterization of palladium(0) complexes
The palladium(0) alkene and alkyne derivatives were usually obtained by reacting the appropriate ligand (L-L 0 ) and olefin (ol) with Pd 2 DBA 3 Á CHCl 3 dissolved in anhydrous acetone under inert atmosphere (Ar). The palladium(0) complexes bearing Phen, Neocup and BiPy as ancillary ligand and ma or nq as stabilizing olefin were obtained by reacting the appropriate dmfu derivatives with the specific olefin because their low solubility makes the workup of standard procedure very difficult.
In the 1 H and
13
C NMR spectra of the olefin complexes, the resonances ascribable to the alkene protons and carbons when compared with the signals of the free olefins are shifted upfield (2-3 and 80-90 ppm, respectively). In the 13 C NMR spectra of the al- large differences among the formation equilibrium constants. This fact also testifies the scarce influence of the nature of the alkene or alkyne on the NMR parameters when series of homogeneous compounds are taken into consideration [9] . Conversely the coordination of the ancillary ligands is shown by a general, but less significant downfield shift of all their signals, indicating that r donation is predominant in the palladium-ligand bond.
At Fig. 1 , whereas selected bond lengths and angles of the two molecules are listed in Table 1 .
It is worth noting here that despite the large number of reported Pd structures there are only ten mononuclear square planar Pd complexes showing a coordinated g 2 -alkyne. In these cases the other coordination positions are held by a chelating diphosphine and thus the donor set is P 2 C 2 . Similarly, only five mononuclear square planar Pd complexes show the metal chelated by a phenanthroline-like moiety and by a chelating olefin defining the N 2 C 2 donor set [10b] . Accordingly, to the best of our knowledge, the complex [Pd(g 2 -deta)(Neocup)] presented here turns out to be the first reported example in which the N 2 C 2 donor set around Palladium is supported by a coordinated g 2 -alkyne. In this neutral complex the Pd(0) atom lies at the centre of an almost regular square planar and its averaged Pd-C bond length displays a noticeable shortening if compared with those determined when diphosphine ligands are employed (2.001 versus 2.051 Å) [10b] . The lower trans-influence of the neocuproine nitrogen with respect to that of phosphorus atom is apparent also when complexes of palladium(0) are considered.
In [Pd(g (19), C (20) , N(1). In the former complex the Pd atom is off plane by 0.37 Å and torsion angles in the ring range from À11.3°to +13.8°, in the latter the Pd atom deviates by 0.27 Å and torsion angles in the ring vary from À9.4°to +9.1°. As for the overall geometry, in [Pd(g 2 -dmfu)(DPPQ)] the main coordination plane makes dihedral angles of 15.3°with the mean plane of the quinoline moiety and of 7.1°with the average five-membered ring plane. In [Pd(g 2 -deta)(Neocup)] the corresponding angles are of 11.5°with the mean plane of neocuproine and of 6.4°with the average five-membered ring plane.
Determination of the equilibrium constants
All the equilibrium constants related to reaction (1) were preliminarily studied by 1 H NMR technique in CDCl 3 and then determined by recording the UV-Vis spectral changes in the range 300-600 nm obtained upon addition of the titrant alkene (or alkyne) to the complex solution in CHCl 3 at 298 K. In any case, the equilibrium was rapidly established and the ensuing absorbance versus olefin concentration data were analyzed at suitable wavelength by means of a non-linear least-squares program according to the model (in some cases where K E was large an excess of free ol 1 had to be added to balance the equilibrium position): where e 1 and e 2 are the extinction coefficients of the complexes
], respectively, with K E and e 2 as the parameters to be optimized. The latter parameter (e 2 ) turned out to be coincident with that directly determined from the Lambert-Beer analysis carried out at the same wavelength for the independently synthesized final product (Fig. 2) . All the K E values directly determined in this study (apart from four values included for reasons of convenience) are reported in Table 2 .
As can be seen the alkynes dma, deta, dbua and pna are included in Table 2 since the peculiar structure of Neocup stabilizes the monoalkyne palladium(0) derivative which otherwise would add a further alkyne molecule to give a palladium(II) cyclopentadienyl derivative [4t and references therein].
New neocuproine based stabilizing order
Taking advantage of such particular behaviour, we are now able to propose a new and wider order in which the stabilizing characters of some olefins and alkynes are directly compared for the first time (Table 3) :
From these values it is possible to infer that:
(a) In the case of the already studied alkenes the coordinating capability order parallels those previously determined (dmfu ( nq < fn 6 ma) [6a,6b] . (b) The trans-sulf, the cis-sulf and the alkynes represent quite new entries in the molecular set establishing the stability order of the palladium(0) derivatives (items 1, 3, 5, 6, 7, 10). (c) The same substituent (COOMe) imparts a different stabilizing property to its alkene or alkyne derivative. The alkyne dma is more efficient than the alkene dmfu (items 2, 6). (d) The stability of the complex bearing trans-sulf is considerably higher than that of the complex bearing cis-sulf (items 10, 7). (e) The stability range of the structurally similar trans olefins is modulated by the nature of the substituents according to the following order: SO 2 > CN > COOCH 3 (items 10, 8, 2). (f) The steric hindrance of the alkynes is of paramount importance in determining the equilibrium constant values (items 3, 5, 6). (g) The COOMe group displays a greater capability in stabilizing the palladium(0) derivatives than the -C 6 H 4 NO 2 -4 moiety (items 1, 6).
As can be deduced from Table 3 , the coordinating capability of the alkynes deta and dma is similar to that of nq which represents our reference, while dbua and pna are about two and three orders of magnitude less stabilizing than nq, respectively. As for point (c) it is noteworthy that the same substituent (COOMe) imparts to the alkyne dma a stabilizing efficiency of about four orders of magnitude higher than that of the alkene dmfu. Apparently, the higher electron withdrawing character of the alkyne as compared with that of the corresponding alkene favours a larger electron backdonation from the palladium(0) centre. Point (d) consists of an observation based on a unique experimental datum. Such an observation, however, probably represents a general trend due to the fact that the intrinsic higher thermodynamic stability of the trans olefin when compared with that of the cis one is somehow transferred to its corresponding palladium(0) derivative. For instance, the authors were never able to obtain a palladium(0) complex bearing dimethyl-maleate as stabilizing olefin and in one case the reaction between the complex [Pd(g 2 -dmfu)(DPPQ)] and dimethyl-maleate seems to indicate an exchange equilibrium constant of ca. 1 Â 10 À4 [11] . As for point (f) it is evident that the steric hindrance of the entering alkyne plays an important role in destabilizing the corresponding palladium(0) derivative. As a matter of fact, the equilibrium constant related to the bulky dbua is two orders of magnitude smaller than that of dma and deta although these are almost equivalent from the electronic point of view. Points (g) , and (e) summarize the efficiency of the substituent groups in the alkenes or alkynes in stabilizing the palladium(0) derivatives according to the following order: SO 2 > CN > COOCH 3 > C 6 H 4 NO 2 -4:
Comparison among equilibrium constants in complexes bearing different ancillary ligands
On the basis of the present and the already published data [6a,6b] , we are able to propose Table 4 in which the K E values were obtained when the same olefins are exchanged in substrates bearing different ancillary ligands. Whatever the ligand considered, the general olefin stabilization order is confirmed and the K E values are almost always maintained within a narrow interval. The most surprising result is represented by the unusually high values of K E when fn and ma are involved as entering olefins in complexes bearing ligands with ortho-substituted hetero-aromatic ring. It is evident (see bold numbers in Table 4 ) that the ratios between K E for reactions involving the displacement of nq by fn or ma in complexes with an unsubstituted pyridine ancillary ring are usually considerably less than twenty (9.5 average). In the case of complexes with ligands bearing a substituted pyridine (or quinoline) ring the ratio jumps to 40 or more (cases concerning DPPQ-Me and MeN-SPh, respectively). Moreover, when Neocup is involved a marked increase is noticed and the values soar to 311 and 630, respectively (items 8, 9 of Table 3 ).
On the other hand, the ratios become directly comparable when the exchange between nq and dmfu is taken into account for any complex bearing different ancillary ligands (see column 2 in Table  4 ). Apparently, the efficiency in stabilizing the palladium(0) olefin complexes is markedly enhanced when olefins with reduced steric requirements and remarkable electron withdrawing capability are used. We surmise that the increase of the K E values when fn and ma react with [Pd(g is probably due to the steric release involved in the conversion of the crowded nq or dmfu complexes into the less hindered ma or fn derivative, but it is also caused by the increasing electronic density of palladium induced by the more basic substituted phenanthroline. This excess of charge is more efficiently delocalized by the electron poorer fn and ma olefins.
Kinetic measurements
We have also undertaken some kinetic studies taking advantage of the bulkiness of the olefin tetramethyl-ethylene-tetracarboxylate (tmetc) which, when coupled with the steric hindrance of the palladium(0) olefin derivatives, could induce a remarkable decrease in the olefin exchange reaction rates which otherwise are very fast. We have therefore studied the following reaction by means of 1 H NMR technique:
The ensuing rate constants are markedly influenced by the nature of the ancillary ligand. Thus, the less hindered phenanthroline substrate reacts instantaneously, while the second order rate constant of its obvious counterpart [Pd(g 2 -dmfu)(Neocup)] is about 3 Â 10 À4 mol À1 dm 3 s À1 [12] . Interestingly, the steric requirement of the Neocup moiety does not only influence the thermodynamic parameters (cfr. Table 4 ), but also the kinetics of the reaction, thereby confirming the associative nature of the olefin exchange. Stahl and co-workers pointed out that the rate of reactions involving olefins exchange would be increased by the nucleophilicity of palladium(0) center [13] . In this case, however, the enhanced nucleophilicity induced by Neocup on the metallic center appears to be overshadowed by the steric demand involved in the transition state.
On the other hand, the reactivity of the complex [Pd(g 2 -dmfu)(DPPQ-Me)] can be determined by means of a second order kinetic study carried out under NMR conditions (Fig. 3) The corresponding rate constant (k 2 = 0.31 ± 0.01 mol À1 dm 3 s
À1
) lies between those of the less (Phen) and the more (Neocup) hindered derivatives and represents one of the few values determined for olefin exchange in palladium(0) complexes [6, 13] . ½Pdðg 2 -dmfuÞðDPPQ -MeÞ j ½Pdðg 2 -tmetcÞðDPPQ -MeÞ N
Conclusions
We were able to prepare several complexes of palladium (0) bearing different ancillary ligands and alkenes or alkynes as stabilizing unsaturated molecules and to determine the structure of the complexes [Pd(g 2 -dmfu)(DPPQ)] and [Pd(g 2 -deta)(Neocup)]. The structure of the latter represents the first example of an alkyne derivative of palladium(0) with a N 2 C 2 donor set. The exchange equilibrium constants between some complexes and the entering alkene or alkyne were determined by direct 
Cases discussed in bold. * Not determined for solubility problems. spectrophotometric titration and a novel order comparing the different stabilizing character of both alkene and alkyne moieties was established for the first time.
The coordinating capability order for the olefins was confirmed and the new entry trans-sulfone proved to be a quite strong coordinating moiety. Moreover, the trans olefins show an enhanced coordinating capability when compared with their cis counterparts. In the presence of similar electronic characteristics the stabilizing properties of the alkynes are strongly influenced by their steric demand. The nature of the ancillary ligands does not have a remarkable importance in stabilizing their palladium(0) derivatives. Only the presence of methyl groups in ortho position on the pyridine ring seems to enhance the stability of the complexes bearing fn and ma olefins. In this respect the neocuproine ligand proves to be the most effective. A kinetic determination of the reaction rates when the bulky tmetc was employed as entering alkene on the complex [Pd(g 2 -dmfu)(DPPQ-Me)] was carried out by standard 1 H NMR technique.
Experimental
Solvents and reagents
Acetone and CH 2 Cl 2 were distilled over CaH 2 and 4 Å molecular sieves, respectively. CHCl 3 was distilled over silver foil under inert atmosphere. All the other chemicals were commercially available grade products and were used as purchased. Unless otherwise stated, all manipulations were carried out under an argon atmosphere using standard Schlenk techniques.
The synthesis of the ligands 8-diphenylphosphanylquinoline (DPPQ) [14] and 8-diphenylphosphanyl-2-methylquinoline (DPPQ-Me) [15] , the alkenes cis-and trans-1,2-bis[ (4-methylphenyl) 
Data analysis
Mathematical and statistical analysis of equilibrium and kinetic data was carried out by locally adapted non linear regression algorithms written under SCIENTIST TM environment.
IR, NMR, and UV-Vis measurements
The IR, 1 H and
13
C NMR spectra were recorded on a PerkinElmer Spectrum One spectrophotometer. 1D-and 2D-NMR spectra were recorded using a Bruker DPX300 or Bruker DPX500 spectrometer. Chemical shifts (ppm) are given relative to TMS ( UV-Vis spectra were taken on a Perkin-Elmer Lambda 40 spectrophotometer equipped with a Perkin-Elmer PTP6 (Peltier temperature programmer) apparatus.
Preliminary studies and equilibrium measurements
All the equilibrium reactions were preliminarily studied by 1 H NMR technique by dissolving the complex under study in 0.6 ml of
) and adding microaliquots of a concentrated CDCl 3 solution of the exchanging olefin ol 2 according to reaction (1). The reaction progress was followed by monitoring the signal for the disappearance of the starting complex and the contemporary appearance of the final product
The UV-Vis preliminary study was carried out by placing 3 ml of freshly prepared solution of the complex
) in the thermostatted (298 K) cell compartment of the UV-Vis spectrophotometer. Microaliquots of solution containing the exchanging olefin ol 2 at adequate concentrations were added and the absorbance changes were monitored in the 250-400 nm wavelength interval or at fixed wavelength (320 nm); (in some cases where K E was large an excess of free ol 1 had to be added to balance the equilibrium position).
X-ray analyses
Crystals suitable for X-ray work were obtained by slow diffusion of hexane in a dichloromethane solution for [Pd(g [19] and SHELXL-97 [20] programs. All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included in idealized positions and refined as ''riding model". To a solution of nq (0.0389 g, 0.246 mmol) and DPPQ (0.0763 g, 0.244 mmol) in dry acetone (15 ml) solid Pd 2 DBA 3 Á CHCl 3 [21] (0.120 g, 0.116 mmol) was added under inert atmosphere (Argon). The reaction mixture was stirred for 1 h at room temperature and the initial dark suspension turned to an orange solution which was taken to dryness under reduced pressure and the residue re-dissolved in dichloromethane. Addition of charcoal and filtration on celite removed the traces of metallic palladium yielding a clear orange solution. Reduction to small volume (3-4 cm 3 ) and slow addition of diethyl ether gave the product as microcrystalline orange solid (0.1014 g, yield $76%). 
